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ABSTRACT

The design of an attitude control system for an earth-sun oriented satellite
is presented. The attitude control system is intended for use on the Orbiting
Geophysical Observatories heilng developed by Space Technology Laboratories, Inc.
under Contract NAS5-899 with the NASA, Goddard Space Flight Center. The -attitude
control system maintains cne body axis of the satellite in alignment with local
vertical and utilizes the angular orientaticn of the satellite tody about local
vertical together with a single degree of freedam solar array to maintain the
solar cells perpendicular to the sun's rays. The control law required to
accomplish this orientation and the implication of this control law on the
control equiyment design are presented. All camponents of the attitude coatrol
system are in an advanced state of development and the performance of these
components is discussed.

The satellite attitude is controlled so that a body fixed axis is pointed
toward the center of the earth. Simultaneously, the satellite attitude about -
the local vertical is controlled so that a second body axis is perpendicular
to the sun's rays. The solar array rotates about this second body axis and
thereby provides the fourth degree of freedom necessary to simultaneously
position the solar array perpendicular to the sun's rays while maintaining
orientation relative to the earth's center. These simulataneous pointing
requirements place response requirements on the attitude control system.
However, the deeign of the attitude control system is relatively independent
cf control law conslderations once the speed of response dictated by the
control law is met. The control law presented is easily implemented.

The coutrol components which comprise the attitude control system are
described in detail. Error signals are generated by earth edge tracking
scanners and s sun sensor. These error signals control the satellite by a
combination of reaction wheels and constant tarust gas jets. In order to
simplify the control system components to the greatest extent possible, on-
off control of both the reaction wheels and the gas jets is utilized.

.Consistent with the concept of on-off control, magnetic.amplifiers are

utilized with the atterdant increase in system reliability at only min~v
increase in total system weight. The mechanical solar array drive also
operates in on-off fashion and utilizes a wabble drive which allows all high

" speed gearing and bearing stages to be hermetically sealed.
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INTRODUCTICN

The operation of a camunication satellite 18 greatly enhanced by
controlling the attitude of the satellite so that a ccamundcations antenna
can be pointed toward the earth. A further requirement on attitude contrecl
is imposed by the desire to orient a collection array toward the sun to
produce electrical pow'er. This paper describes the design and mechanization
of a control system which satisfies these earth-sun pointing requirements.
Since these orientation requirements arso océur in the"design of scientific
satellites, the numericel examples presented in this paper are taken from a
scientific satellite currently under construction at Space Technology
Laboratories, Inc. “his satellite, which.is called the Orbiting Geophysical
Observatory (0G0), is designed to operate in a wide variety of orbits including
low altitude circular and highly eccentric orbits. The attitude control
system for this satellite points one face of the satellite at the earth and
orients flat solar cell arrays toward the sun. Since the 0GO satellite must
satisfy for a large varie;ty of orbits the general communication satellite
attitude control requirements, a description of the 0GO attitude control
system 18 instructive vhen considering the design of & communication satellite
control system.

Section 2 of this paper describes the pointing requirements mathematically
and deduces from these pointing requirements a satellite control law which
satisfies the simultaneous earth-sun orientations. In Section 3, the mechani-
zation of this control law is discussed, and Section U4 is devoted to a

-description of the equipment used for control. In the design of the 0GO

control system, emphasis has been placed on utilization of techniques to
enhance system reliabllity. For this reason, the basic 0GO control system is
nonlinear of the off-on or bang-bang type. This mode of control is particularly
adapted to magnetic amplifiers, and these camponents are used for the main
power ampliﬁcation required. Other portiomns of the control system include an
infrared edge tracking horizon acanne'i', sun sensors, reaction wheels, and

gas Jets. :



PERFORMANCE REQUIREMENTS

The function of the attitude control system is to keep one axis of the
vehicle aligned at all times with the local vertical, while simultaneously
mainteining a second axis (the solar array =sis ' pervendicular to the sun's
rays. *“Thus a planar array of solar cells can b= rclated about the solar
array axis for maximum energy collection. In tnis section the ideal control
laws for this orientation are derived, and their effect upon system performance

is discussed.

2.1 Coordinate Systems

Refer to Figure 1 for a definition of coordinate eystems. In this
figure the orbit plane is the X-Z p’ e with orbital rate directed along the
Y axis. The location of the Z axis 18 chosen such that a unit vector from
the center of the carth to the sun (p.s) lies in the Y-Z plane. The satellite
anomaly is measured from the Z axis and is denoted by o as shown. The Xr » Yr’ Zr
gystem is obtained from the Y, Y, Z system by means of this rotation through Q.

B is the angle between Y and Hge

The body coordinate system is defined in Figure 2. It is derived
from the X Y % system by the ordered rotations V, @, and @ about Z. Y,
and Xb respectively as pictured in Figure 3.

2.2 Ideal Control Laws
In terms of the coordinate systems previously defined, the ideal
pitch and roll control laws can be stated quite simply as

g=0=0

Given ideal pitch and roll control, the ideal yaw control law can
be obtained by equating the component of kg which lies along the xb axis to O.
Thls ylelds: -

Y=y = e~ (tan B sin a)

Given ideal pitch, roll, and yaw control, the ideal array angle can
be derived in a similar fashion and is ‘

g, =0, = sin"t (gin B cos @)

1 Superscripts refer to references in the bibliography.
o
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Figure 3 - ROTATIONS FROM RETERENCE COORDINATE SYSTEM
TO BODY COORDINATE SYSTEM '
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A plot of 1}/1 versus @ is given in Figure k with B as a perameter,

and a plot of ¢ai versus Q@ is given in Figure 5.

Given ideal attitude control, the camponent of angular velocity
along the X body axis, W is given by

W,

b =0 Sin]yi)

the component of angular velocity along the Y body axis, wyb is gl!ven by

(V]

yb = COB Vi.v

~ the component, of angular velocity along the Z body axis i. givem by

. " a(cos B sin B cos )
O = "Vi = 7 7 ’
. l-5inp cosx

and the ideal angular velocity of the solar array with respect to the body is
given by

2.3 Design Constraints’
As indicated in thc previous equations, the .iost stringent attitude

control requirements are imposed when ﬁ‘ = 900 and 0 = O, This conditta oceurs
when <the earth, satellite and sun are directly in line and is termed the "noon"
condition, ‘At tkis time, the nominal values of yaw rate, yaw -acceleration,
pitch accelera.tion; and roll acceleration are all inﬁnite.3 Obviously the
vehicle cannot be designed to perform this maneuver exactly. .

A comparison couwdition to the noop region is eclipse of the sum by

‘the earth. Upon entering am eclipse the yaw reference and the solar arrsy

reference are lost. Upon emerging from eclipse, the vekhicle cam, in gqné'ra.l )
have any. yi.w positien along with a large error in'arr&y angle. Therefore,
to follow the ideal comtrol law upon emergence from eclipse would agaln require

6



V. IN DEGREES

@_. IN DEGREES

100

B=90°
b= 60°
/““\
8=30°
B8=0° N
A\
] L | ! l J
0 0 120 180 240 300 360

o {N DEGREES

FOTE: ONLY PRINCIPAL ANGLES ARE SHOWN
Figure & - IDEAL YAW ANCLE

\

Mmowe 5 - IDTAL ARRAY ANGLE
T



infinite yaw and arrey rates and accelerations and infinite pitch and roll
accelerations. If the control law is to be implemented, it is therefore
necessary to allow yaw and solsr array errors during the noon 1egion and
after an eclipse. Numerical values of the allowable error can be established
by considering the degradation in power supply output due to array misalign~
ment, and, for the 0G0, temperature control considerations which dictate that
the vehicle sides should not be exposed to solar radiation. For 0G0, 10
minutes is allowed for ~w and array attitude recapture.

u

Although other considerations such as required pointing accuracy,
magnitude of disturbance torques and initisl attitude acquisition require-
ments may affect the required attitude control system dynsmic performance,
for a wide variety of orbits including the 2l hr synchronous, these are
campletely overshadowed by the noon and post eclipse requirements. For the
0G0, which possesses a yaw mament of inertia of 800 slug ftz, the noon turn
requires & yaw control torque of greater than 10 irn, oz.and since this torque
is generated by a reaction wheel, a wheel momentum storage capability of
To5 1b. f't.sec. Furthermore during this yaw turn, the pitch and roll reaction. .
vwheels must interchange momenta requiring a torgue of 6.5 in.oz. from the
drive motors. The remaining gross parameters of the control system sizing
are determined by disturtance torque comsiderations. Three disturbance torques
are present; namely, solar radiatiom pressure, gravity gradient effects; and,
for low altitude, aerodynamic moments. (Magnetic effects have been minimized
in 0G0.) These disturbances are adequately described elsewhereza.nd can be
numerically imtegrated to determine the secular and cyclical components of
momentum imparted to the satellite. This information 1s used to size the
pitch and roll wheels which for 0GO cam absorb 1.5 ft.lbh.sec,of momentum,

The secular component sizes the mass expulaibn system.



FUNCTIONAL DESCRIPTION

3.1 Torgue Sources

Body control torques are provided by a three axis pneuwmatic system,
and & three axis resction vheel system. The two systems are coperated in
parallel as will be discussed in Section 3.3.

The pneumatic system is capable of providing a constant torque of
either positive or negative sign about each of the three body axes. The
system is used for initial orientation of the vehicle (acquisition). and to
subsequently remove momentum resulting from secular disturbance torgues.

Three reaction wheel systems are likewise provided, with the spin
axis of each aligned with one of the three body axes. Reaction vwheels are
used to perform maneuvers required by the control laws discussed under
Bection 2. These maneuvers are cyclic over a period of one orbit. In addition,
the reaction wheels provide temporary storage of momentum resulting from
to;-ques vwhizh are cyclic in inertial space, and also provide the fine control
necessary to eliminate gas jet limit cycles.

3.2 Error Sensors

A system of horizon scanners is used to provide an indication of the
deviation of z, from local vertical abcut two axes (pitch and roll axes)
during the nomal control mode of operatica. The scanners will operate at
altitudes from approximately 125 nautical miles to approximately 100,000
nautical miles,

Sun sensors provide an indication of the doviation of Ya. from
the sun. Again two axis informstion is provided which is used for control
during the acquisition mode of opera®tion as well as the normal mode of
operation, The sum sensors are capable of providing this information througk-
out a bx steradian field of view.

3.3 Method of Comtrol
As mentioned previously (and as depicted in Figure 6, the block
dlagram of the attitude control system) both the reaction vheels and the gas

Jets are driven in a non-lire2ar, on~off fashion by & system which includes a
dead zone and hysteresis. The reaction vheel and gas jet systems of eaéh channel
are operated in paxja.llel ’ usiné a cammon error slgnal and cammon shaping.
Shaping required for stability is provided by passive lead lag networks.

9
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3.4 Modes of Operation

3.4.1 Acquisition
Again referring to Figure 6, the acquisition mode of operation

is provided in order to initially stabilize the vehicle to the required
references. This will be accomplished given arbitrary initial angular position
with respect to these references, and initial rates limited to lo/sec or less
about each of the three body axes. During this mode of operation the solar
array is electrically caged in a position where ¢a = 0, that is Y_ is in the
direction of Ib The first step of the acquisitior mode results in the
alignment of this axis towards the sun, and the establishment of a fixed body
rate about this axis. As a result of this orientation, maximm efficiency of
solar power conversion is attained, and sun light is prevented frum striking
the satellite sides. In addition, as 1 result of rotation about the sun line,
the field of vi-ew of the horizon scanners is swept through space and must
eventually intersect the earth. wWhen this intersection occurs, the acquisition
mode of operation is temminnted.

The control system configuration for this mode of operation
1ses the yaw sum sensor output as the error signal to the 2w cnanrel. Thic
signal drives the gas and vreaction wheel system for this channel. The array
s'm sensor output is used to control the roll axis in a similar fashion, andé
the +tch axis gas and reaction wheel systems are driven by means of a rate
gyro which has an output biased to approximately % deg/sec. With this control
system configuration, the solar reference will be acquired im less than
10 minutes, and the vehicle will begin searching for the earth.

3.4.2 Normal Control
After the sun acquisitior mode is completed and the field of
view of the horizon scanners intersects the earth in such a fashkion that a
propér exrror signal is obtalned, the control system configuration is switiched
to the normal mode of operation. In less than 10 minutes all transients are
decayed and the system is stabilized to the normal mode 3un and earth references.
The control system configuration at this time is as follows. The yaw sun

sensor is siulil used to drive the yaw reaction wheel cheannel, however, the yaw
pneunatic system is disabled. The rcil and pitch cutputs of the horizon scanner
system are used to drive the roll and pitch control channel, respectively.
_Bcth pneumatic and the reaction vheel systems are operative. The solar array
drive system is driwven by the error signal fram the solar array sun sensor.

Barring a malfunction the system remains in this comfiguration for its entire life.
.- 1
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HARD./ARE DESCRIPIION

4.] Tesimm 2hilosophy and Reliability

The reliability of a cormunication satellite attitude conirol system
is of paramount importance for obvious reascns. The usual method of predicting
the potential reliability of a circuit when no life test data are available is
by o poarts count and attaching to eacnh type of component a failure rate that
has veen established from previous experience. This method of assessing
reliability rnaturally presumes good circuit desipgn, use of the best available
componerts conservatively derated, tigh* quality control and appropriate
packagi . for the anticipated enviromient. The degrading effect on the
reliability by the sheer number of components was immediately apparent, and
the philosophy of using a bare minimum of ccmponents to do the job was adopted.
In several instances, it was recognized that a significant simplification in
the hardware could be realized if the control system could be operated in a
different mode or with slightly less pointing accuracy. The ensuing analytical
work to detemmiine whether the proposed changes would be permissable substentially
complicated the control system analysis,; but the resulting simplification in.
the hardware has justified the effort. The most striking example of this'is
the on-off or bang-bang operation of the reaction wheel motors and solar array
motor. The ease of controlling a motor in an on-off manner as opposed to
maintaining & speed proportional to the error signal amplitudé is readily
apparent. Consistent with the minimum parts approach, magnetic amplifiers were
selected for most of the amplification functions due to the relatively small ‘
number of components required to obtain a given amownt of gain as compared to
using transistor circuits. The low frequency response of the magnetic ampiifier
vas acceptable for this application. Magaetic amplifiers are in general
heavier and dissipate more power than a transistor circuit capable of comparable
performance; however, for this application, the reliability advantage outweighe?

these disadvantages.

Another concession to relisbility nas t.en the elimination of all
variable components such as potentiometers. Uhere adjustments in individuai
circuits are required, the exact value of resistance or capacitance is determined

with substitution boxes, and a fixed component of nearest value is inserted.

12



L4.2 Reference Sensors

The references used by the attitude control system are the earth
and the sun. Four infrared-sensitive horizon scanners track the earth-
space IR edge at 900 intervals. Signals from any three of the scanners,
appropriately summed, are sufficient to develop pitch and roll error signals.
The other scanner is redundant and its signal is automatically switched into
the control locp whenever a detectable failure occurs in any of the other
scanners. The horizon scanner is manufactured by the Advanced Technology
Iaboratories.

The sun sensor system is composed of fine and course senscrs. The
fine sensor is a silicon p-n junction device that has three outputs; two
orthogonal position outputs which are dc voltages proportional to the image
position on the silicon wafer, and one signal that has an output whenever the
wafer is illuminated. In the normal control mode, one of the position signals
is used for controlling the vehicle in the yaw axis while the other position>
signal is used by the solar array drive circuit to position the solar arrsy
plane nomal to the incident solar radiation. The third signal is used to
drive a relay that switches the control iﬁputs between fine and coarse sensors}
' Pin hole optics are employed to image the sun on the wafer. The wafer is
called a Radiation Tracking Transducer (RET)sand.manufactured by Electro-
Optical Systems, Inc.

The RIT thus provides position information within a l7O hélf angle cone
about the array normal. The remainder of the Ux steradian coversge is -
supplied by the coarse cells mounted at the ends of the solar panels. The
coarse cells are conventional solar cells that have been prelrradiated to
stabilize their charecteristics. The cells used to control the arfay are

redundant to assure signal continuity when an appendage shadows one of them.

4.3 Iinear Amplification and Shaping

The sun sensor signals are amplified by low-level second harmonic
magnetic amplifiers with a total transimpedance greater than 106 ohms, and
have four control windings, which simplifies the signsal sunming and igolation

problem. Relatively large negative feed tack is employed for adjusting and
stabilizing the gain and null.

13



The control system stablility is achieved with sigz_za.l shaping by the
use of R-C lead-lag networks, The mﬁer large lead time constants (#~ SO seconds
in the yaw channel and #* 12 seconds in the pitch and roll channel) dictated
the use of non-polarized solid tantalum capacitors frcu size and weight
considerations. Envirommental testing of these networks indicates that it is
feasible to empioy tantalum capacitors as long as generous tolerances are
allovwable.

The amplified and demodulated pitch and roll error signals from the
horizon scanner have enough power to drive the shaping networks directly.
The signals in all three channels are heavily attenuated by their respective
networks, and are again amplified by second harmonic magnetic amplifiers.

4.k Signal Level Detection
After the second stage of linear amplification, the system is bang-

bang to the torque sources. Bistable magnetic amplifiers are used to detect
the various signal levels, and are "on" for any level above the trigger point
and “off" for any level less than the trigger point, with a hysteresis of about
20% of the trip point for the motors and about 104 for the cold gas valve
drivers. The basic bistable magnetic amplifiers trigger "on" at 50 pa siénal
(+ 5%) and go "off" when the signal is reduced to 4O pa. The reaction wheel
channel gains are adjusted such that the trigger points correspond to + O.ho
vehicle attitude error in pitch and roll and + l.Oo in yaw. The control
windings of the gas valve bistable magnetic amplifiers are in series with the-
control windings of the motor driver bistables, but the bias current in the
former is increased by an external resistor in order that the gas valve
bistable amplifiers do not trigger "on" until the error signal is a nominal
125 pa. The gas trigger points are naminally set at + 1.0° in pitch and roll
and '+ 2.50 j.n yaw.

The level detector magnetic amplifier uses diodes in a parallel
series quad comnnection to improve the reliability of the device.

L,5 Motor Switching
The tk_xree reaction wheel motors and the array drive motor are all

two phase devices. The motor supply is two phase; one phase used to excite
the reference winding and the other phase (+ 90° with respect to the reference
phase) is used to excite the control winding. If clockwise torque is required,

1k
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the control winding is connected to the + 90o output, and the - 90o output is
used for counter-clockwise torque. When the error signals are in the deadband
and no motor torque is needed, both the control and reference windings are
disconnected from the supply. The reference windings are disconnected not
only to conserve power but to eliminate the dynamic braking effect that is

undesirzple in the reaction wheels.

Double~-connected magnetic amplifiers are used as series ac switches
to control the motor excitation. R2dundant diodes are again employed for the
sake of reliability. These motor drive magnetic amplifiers are not bistable

by themselves but are driven by the bistable amplifiers well into saturation :

and far into cutoff, The use of magnetic amplifiers in the motor switching
application is the greatest concession to reliability in the control system
since semiconductors ..re much lighter and more efficient.

The array drive motor is controlled by the same type of amplifier
but connected omewhat differently. Only the control winding is directly
turaed on by the error signal; the reference winding is subsequently turﬂéd :
on by reétifying and filtering part of the control ﬁinding output. When the

- driving bistable snaps to the "off" state, the motor control winding follows

almost. immediately while the reference winding remains energized wmtil the low
pass filter discharges, and this lag provides dynamic braking long enough to
limit the overshoot. The difference between éharge and discharge time constants
permits the motor to respond to an “on" signal very fast. Dynamic braking of
the array ﬁotor is desirablevbecauée ihere is no lead-lag st;bilizing network

in the signal path. )

Al: ac power in the control system is square wave, incluvding the low

level magnetic. amplifier excitation.

4.6 Reaction lheels
As mentioned previously, the reaction wheels are two phase motors

and have irduction motor speed-torque characteristics. The devices_are "inside ~

out" motors with the stator windings inside and the rotor centaining the

- . _squirrel cage windings outside. This construction allows the maximum rotor -

mowent of inertia for n given case size., The entire assembly is hermetically
sexled and pressurized to about one half atmosphere as & compromlse between
alndage pover lObSES and bearing 1Ubr1cant retention.



A permanent magnet pulse tachometer is use . to telemeter wheel speed
and direction of rotation. ,Bofh the amplitude and frequency of the pulses
vary with speed, and the polarity of the pulse indicates direction of rotation.
The frequency of the pulses is used to develop an analog voltage proportl onal
to speed.

It should be emphasized that the tachometers are not used in the
control loop. An electrical failure in the tachometer or signal conditioning
circultry will only result in loss of data and not-affect the control sys_tem

operation.
The reaction wheels are manufactured by the Bendix Corporation.

4,7 Pneumatic Subsystenm
" The gas (Argon) is stored in a spherical tank at an initial pressure

of about 3,000 psi. _A pressure regulato:r maintains the low pressure manifold
at a.bout 50 psi, and contains filters and a relief valve. The low pressure
_gas is p:.ped to the six solenoid valves , also containing filters, and the
discharge of ‘the valves are through tubes out the ges booms to nozzles where
0.05 pounds of force is generated per nozzle. Between each solenoid valve‘and
its respective nozzle a non in-line pressure switch is plumbed in to provid’e
telemetry with gas usage data., Since the ‘duration of the gas pulse in normal
control is shorter than tke telemetry sampling period, flip flops are used to
store the information until interrogeted by telemetry. Also telemetered are
the high and low'gas pressures as wéll as the gas bottle temperature. From
these data it is possibie to detersine the amount of remaining gas. The tank
is filled through a manually operated valve when the vehicle is on sta.fzd,— )

The solenoid valvesA are energized directly frem the vehicle battery
supply (nominal 28V) and cortrolled by series power silicon transistors.
The -transistor switches are normally biased off and turned on by the gas ’
bistable level detectors. The yaw gas is not used efter acquisition since it
is not required for normal'contrél ’ a.nd» g8 consumption would be materially
increased because large “yaw error signals-are possible during the noon and

pos’c eclipse maneuvers. : . o

~
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4.8 Array Drive Mechanism )
The array shaft is rotated by an electromechanical drive in ‘which
"an electric motor and gear traln are coupled to the array shaft through a

hermetic seal. The output number of this drive is a large ccne angle bevel
gear, This gear is held irrotational and is mounted in skew-axis béa.rings
so that it meshes with a mating gear at only one point or the pitch lide.
The input gear is thus constrained to "wabble" as the skew-axis is rolta.te.d
about the output axis. The output gear is then smoothly and efficiently.
turned ‘Qy an amount equal to the anglé subtended by the difference iﬁ number
of teeth between the 1nput and output gear for each revolution of the point
of mesh., A very large redustion is thus gained in the output wa.b“ble gears
: (99:1). The drive is designed so that the array shaft is a large tube that
! runs directly througa the drive. Through this skaft the vires from the sun
i ~ Bensors and sola.r cells are routed. ‘

o

I The prime mover for the drive mechanism is a specially desigred ~
size 11 servo motor, The evarall gear rednc'l'ion from thé motor to the output
; ) shaft is 24, OOO to 1. The unit is capable of output torques in excess of
. 100 inch - pounds. ‘ ' . -

. Since ne slip rings are’ u..ved, a .cable wrap-up mechanism is necessary
to pay out.and “take in the wires without feuling as the shaft array shaft
rotates. The wrap up mechanism requires & aubste.ntia.l torque which makes

' torque motors unattractive for this a.pplication. ’

L A cam and’ limit switchea are previded to prevent overtravel of'the

dri'éy shaft., A special “paiicake resolver is fixed to the shaft and. vehicle :

- body_to provide telemetry with sha,ft angle data as well as caging the array
during e.cquisition.

- k9 PlichBseGme :
ST 7 The pitch rate gyro 1s used durins ‘the a.cquisition saq_uenﬂe to _ '
-7 calse the vehicle to slowly rotate about-the pitch axis which will ultimately
o enable the horizon scamner heads to see the earth The rate gyro is-a .
temper&ture com;penaated spring restrad.nad device vwith a dc torquer and a twg
phase motor., A bias current is introduced into the torquer winding such that -
the ‘drrtput o:f' the ra.te wro causes the pltch gas system and reaction wheel to
' nm say 1n1tialurates to the 'bias Tote (w..o 5°/sec.). The gyro piekof:t‘

v
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signal is ampiified by a conventional traasistor ampl’iﬁer and demodulated

with & dlode bridge demodulsator. Both tbe spin motor rotation detector
output and the demodulator output are velemetered, ‘

The gyro is started prior to launch aund remains on until acquisition _ i
is complete. At this time, the gyrc is turned off to conserve power and

minimize bearing wear, but is turned on éga.in in event of iuss of attitude
reference.
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